Background: FepB is a periplasmic binding protein that transports the catecholate siderophore enterobactin. Results: The solution NMR structures of apo-and holo-FepB were solved revealing a unique siderophore binding mechanism. Conclusion: Enterobactin binding involves the ordering of dynamic loop residues. Significance: The binding of enterobactin by FepB does not proceed by the typical Venus flytrap scheme.
The periplasmic binding protein (PBP) FepB plays a key role in transporting the catecholate siderophore ferric enterobactin from the outer to the inner membrane in Gram-negative bacteria. The solution structures of the 34-kDa apo-and holo-FepB from Escherichia coli, solved by NMR, represent the first solution structures determined for the type III class of PBPs. Unlike type I and II PBPs, which undergo large "Venus flytrap" conformational changes upon ligand binding, both forms of FepB maintain similar overall folds; however, binding of the ligand is accompanied by significant loop movements. Reverse methyl cross-saturation experiments corroborated chemical shift perturbation results and uniquely defined the binding pocket for gallium enterobactin (GaEnt). NMR relaxation experiments indicated that a flexible loop (residues 225-250) adopted a more rigid and extended conformation upon ligand binding, which positioned residues for optimal interactions with the ligand and the cytoplasmic membrane ABC transporter (FepCD), respectively. In conclusion, this work highlights the pivotal role that structural dynamics plays in ligand binding and transporter interactions in type III PBPs.
Bacteria secrete ferric-iron specific chelators called siderophores to form tight complexes with iron. The three main categories of siderophores are typed based on the functional groups that coordinate the iron atom: catecholate, hydroxamate, and carboxylates (1) . The most ubiquitous siderophore found among enteric bacteria, including Escherichia coli, is enterobactin (Ent) 3 (or enterochelin), which has an extremely high affinity for ferric iron (Fe 3ϩ , ϳ10 Ϫ49 M) (2) . Recent awareness of the "battle for iron" between host and pathogenic organisms has brought increased attention to the relationship between Ent (and its derivatives) and host immune molecules (e.g. siderocalins) (3) (4) (5) (6) . In E. coli, EntE, EntB, and EntF produce Ent via non-ribosomal peptide synthesis from 2,3-dihydroxybenzoic acid and serine (7) . Once secreted, Ent is able to scavenge Fe 3ϩ to form [Fe III (Ent)] 3Ϫ , which can be taken up via the ferric enterobactin (Fep) transport system. This pathway comprises the proteins FepA, FepB, and FepCD, which are a TonB-dependent outer membrane transporter, a periplasmic binding protein (PBP), and an inner membrane ABC-dependent transporter, respectively (8) . The crystal structure of FepA (9) does not conclusively reveal a [Fe III (Ent)] 3Ϫ (ferric enterobactin (FeEnt)) binding site; however, subsequent mutagenesis studies have identified important hydrophobic and electrostatic contributions to FeEnt binding at surface protruding loop residues (10, 11) .
In this study, we present the solution structure, ligand binding, and dynamic properties of the FepB protein as determined by nuclear magnetic resonance (NMR) spectroscopy. FepB is a predicted type III PBP that is able to bind FeEnt, after it has been transported into the periplasm through FepA, and deliver it to its cytoplasmic membrane ABC transporter, FepCD. Periplasmic or substrate-binding proteins can be categorized broadly into three structural classes based on the number of connecting elements between the two protein lobes (12) . Type III PBPs are characterized by a single ␣-helical linker connecting the N-and C-terminal lobes, whereas types I and II have three and two interlobal ␤-strands or extended elements, respectively. Apo forms of type I and II PBPs have been shown to adopt an "open" conformation, where the lobes are far apart, whereas ligand-bound (holo) forms undergo a structural change to a more "closed" conformation (i.e. the lobes are close together). This is commonly referred to as the Venus flytrap model, wherein the apo-open PBP encounters a ligand in its binding cleft, an interaction that triggers a conformational change leading to both lobes of the protein clamping down on the ligand and stabilizing the holo-closed state (13, 14) (Fig. 1 ). For example, the apoto-holo transition for the type I PBP maltodextrin-binding protein involves a (ϳ35°) rigid body hinge-closing motion that reorients the lobes of the protein without significantly affecting their overall fold (15, 16) . Similarly, for type II PBPs, large hinge-bending motions on the order of ϳ40°have been reported for the glutamine-binding protein (17) . For type III PBPs that bind siderophores or related ligands, it is currently unresolved as to whether these proteins are able to undergo similar large scale conformational changes. The crystal structures for some type III PBP systems (e.g. FhuD (18) and ShuT (19) ) show little to no lobe-closing motions upon ligand binding, whereas others (e.g. BtuF (20) , FeuA (21) , and HmuT (22)) show modest (ϳ10 -20°) C-terminal lobe/domain-tilting movements. Thus it is unclear whether a consensus ligandbinding mode for these proteins exists.
To date, type III PBP structures have been solved exclusively by x-ray crystallography. It is conceivable that crystal-packing forces can affect the conformation and ligand binding properties of these proteins, because molecular dynamics simulations of FhuD (18) , BtuF (23), and ShuT/PhuT (24) show considerably more opening-closing transitions than the crystal structures alone. Characterization of the type III PBPs by solution methods such as NMR spectroscopy would provide new insights and perspective on the PBP field. In support of this idea, solution NMR spin relaxation (25) and residual dipolar coupling experiments (26) of maltodextrin-binding protein have revealed significant differences in degree of domain closure upon ligand binding when compared with crystal structure studies of the same protein (27) . Consequently, NMR studies of FepB are expected to reveal important details with regard to the protein dynamics of type III PBPs associated with siderophore binding and release.
In this work, we report the NMR-derived solution structures of the 34-kDa apo-and holo-FepB. For our NMR studies, because of the relatively large size of the protein we utilized perdeuteration (28) , transverse relaxation-optimized spectroscopy (TROSY) (29) , comprehensive methyl labeling (30) , and sparse NOE data from Ile(␦1), Leu, and Val methyl-labeled constructs (31, 32) . The mapping of backbone and methyl chemical shift perturbations between the apo and holo states indicated the identity and regions involved in ligand binding. Hydrophobic residues directly involved in ligand binding were identified by reverse methyl cross-saturation experiments, whereas NMR spin relaxation data suggested a mechanism by which FepB would be able to bind/release its ligand that differs from the Venus flytrap model. Taken together, our results point to a distinct mode of ligand binding and release for type III PBPs.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Mature fepB (33) without its signal sequence was cloned into pET-19b (Novagen) and expressed with an N-terminal His 10 tag as described previously (30) . For unlabeled FepB, cells were grown in Luria-Bertani medium, and for isotope-labeled FepB, cells were grown in M9 minimal medium in 99.9% D 2 O (Sigma-Aldrich) with 1 g/liter 15 NH 4 Cl (Cambridge Isotope Laboratories Inc. (CIL Inc.)) and with or without 3 g/liter [ 1 H, 13 C]D-glucose (CIL Inc.). U-2 H, 15 N;Ile␦1-{ 13 CH 3 };Leu,Val-{ 13 CH 3 / 12 CD 3 }-labeled FepB (ILV-FepB) was prepared using 15 NH 4 Cl (CIL Inc.), [ 2 H, 12 C]Dglucose (CIL Inc.), and the methyl-labeling precursors 2-keto-3-methyl-d 3 -3-d 1 -4-13 C-butyrate and 2-keto-3-d 2 -4-13 C,d 1butyrate (CIL Inc.) (34) . Unlabeled FepB was expressed in 15 N] 1 H/ 2 H-, and ILV-FepB samples were expressed in an E. coli BL21(DE3) ⌬entA strain, as the longer growth times necessitated suppression of native enterobactin synthesis, which was achieved by the deletion of the entA gene (35) . ILV-FepB samples also required an additional gel filtration chromatography purification step to remove undesired protein contaminants that arose from the longer growth period required to reach induction. For gel filtration chromatography, samples in 50 mM sodium phosphate (pH 6.4), 300 mM NaCl were applied to a HiPrep 16/60 S100 column using an ÄKTA TM FPLC (GE Healthcare Life Sciences). Holo-FepB samples were prepared by adding either [Ga III (Ent)] 3Ϫ (gallium enterobactin (GaEnt)) or FeEnt to apo-FepB as described previously (30) . Iron-free enterobactin was obtained from Biophore Research Products (University of Tübingen, Germany).
Fluorescence Spectroscopy-Fluorescence titration experiments of FepB with FeEnt or GaEnt were performed on a Varian Cary Eclipse fluorescence spectrophotometer with excitation and emission slit widths set to 5 nm. Emission spectra were recorded with an excitation wavelength of 280 nm. A protein concentration of 10 M in 50 mM sodium phosphate (pH 6.4) was used, and all experiments were performed at 25°C. Quenching of fluorescence intensity upon the addition of ligand was plotted as a function of ligand concentration using CaLigator (36) and a single binding site model.
Proteinase Protection Assay-Twenty g of either apo-or holo-FepB (Fe/GaEnt) sample was incubated in the presence of proteinase K in 5 mM Tris (pH 8.0) at 55°C as described previously (37) . After 10 or 40 min of incubation, tricholoroacetic acid was added to a final concentration of 10 % (v/v), and each tube was placed at 4°C for 5 min to quench the reaction. Precipitated protein was then resuspended in loading buffer and analyzed on 12% SDS-PAGE.
NMR Spectroscopy-NMR experiments were performed at 25°C on Varian Unity Inova (600 and 800 MHz) or Bruker Avance (600 and 700 MHz) four-channel spectrometers equipped with a triple resonance room temperature (Varian 600/800 and Bruker 600 MHz) or a cryogenically cooled (700 MHz) probe head with pulsed field gradient capabilities. FepB samples contained ϳ1 mM protein in 50 mM sodium phosphate (pH 6.4), 0.5 mM 2,2,-dimethyl-2-silapentane-5-sulfonate supplemented with 7% D 2 O unless otherwise stated. The diamagnetic GaEnt complex with FepB was used for all holo NMR experiments, as Fe 3ϩ is paramagnetic.
U-[ 13 C, 15 N] 1 H/ 2 H-labeled apo-(600 MHz) and holo-FepB (700 MHz) backbone and methyl group (600 MHz) chemical shift assignments were obtained from TROSY versions of three-dimensonal HNCA, HN(CO)CA, HNCACB, HN(CO) CACB, HN(CA)CO, and HNCO experiments (38 -40) and a three-dimensional C-TOCSY-CHD 2 experiment, respectively (30) .
NMR spin relaxation experiments for U-[ 15 N] 1 H/ 2 H-labeled apo-and holo-FepB were conducted at a static magnetic field strength of 700 MHz using TROSY-modified experimental schemes (41) . R 1 values were measured from two-dimensional spectra recorded with time (T) delays of 100, 170, 400 (twice), 680, 850, 1010, 1250, 1500 (twice), 1700, and 2000 ms. The R 2 values were measured from two-dimensional spectra recorded with T delays of 8 (twice), 16 Ltd.) at concentrations of 10 mg/ml and 12 mg/ml for holo-and apo-FepB, respectively (42). 1 D NH RDCs were measured using an in-phase/anti-phase [ 1 H, 15 N]HSQC experiment with 2048 ϫ 512 complex points (43) . A mixing time of 180 ms was used in the three-dimensional 15 N-edited NOESY-TROSY (44) and 13 C-edited NOESY-HMQC experiments. Additionally, a constant time, 13 C-edited NOESY-HSQC experiment with a 250-ms mixing time was measured by using a non-uniform sampling procedure (30%) and processed using MDDGUI 1.0 software (Arrowsmith Laboratory, University Health Network, University of Toronto), which requires MddNMR 2.0 (45) . ILV-FepB was used for all NOESY measurements, and the 13 C-edited NOESY-HMQC was acquired in 99.9% D 2 O.
Methyl Cross-saturation-Reverse methyl cross-saturation experiments were measured on a 0.4 mM sample of ILV-FepB in 50 mM sodium phosphate (pH 6.4) in 99.9% D 2 O with and without GaEnt. Near complete exchange of residual 1 H N with 2 H N signals in apo-FepB was achieved by changing the buffer conditions to 50 mM sodium phosphate (pH ϳ8.0, 300 mM NaCl) and incubating the sample at 37°C for 1-2 h. Apo-FepB was subsequently returned to its original buffer and room temperature conditions prior to complex formation with GaEnt. [ 1 H, 13 C]HSQC experiments were performed as suggested (46, 47) with the irradiation radiofrequency field set at 5.5 ppm (4.0 -7.0 ppm). The reference experiment was performed identically except with the irradiation set at Ϫ15 ppm, where there were no proton signals. Saturation of the protons of GaEnt was performed using 3.5-ms REBURP (48) pulses for a period of 1.5 s and an interscan delay of 2 s. The signal loss for each methyl group was calculated from the difference in signal intensity (I) between the experiment centered on 5.5 ppm and the reference, as follows: % signal loss ϭ [1 Ϫ (I 5.5ppm /I reference )] ϫ 100.
Data Processing and Analysis-Absolute chemical shift changes upon ligand binding were examined on a per residue basis using a combined chemical shift difference according to Mulder et al. (49) for backbone (bb) and methyl groups:
where R i denotes the scaling factor of nucleus i. The scaling factors used were R N ϭ 6.4, R CЈ ϭ 3.0, R C ␣ , R C ␤ ϭ 3.2, and R C M ϭ 5.4. Relaxation fitting data were extracted using the relaxation module in Sparky (50) , and data fitting was performed by Curvefit version 1.4 (A. G. Palmer, Columbia University). { 1 H}- 15 N NOE values were determined from the experiments with and without irradiation. Data points with errors greater than 25% were excluded from the analysis. Relaxation data used in the rotational diffusion analysis were subject to filtering as described by Bax and co-workers (51) . The rotational correlation time for the global tumbling ( m ) for each residue was estimated from the R 2 /R 1 ratio using the program R2R1_tm (A. G. Palmer, Columbia University), and the overall rotational correlation times ( c ) for apo-and holo-FepB were determined by averaging the per residue m values.
Structure Calculation-The mature FepB sequence (residues 24 -315) was submitted to the ModWeb server for comparative structural model building, which relies on ModPipe (52) and generates models using MODELLER (53) . A FepB homology model was built for all FepB residues using holo-ViuP (PDB code 3R5T) (54) as the template.
As input for structure calculations, deuterium isotope-corrected backbone chemical shifts (55, 56) were used to determine the position of secondary structure elements and dihedral backbone angle (⌽,⌿) values, utilizing the programs CSI (Chemical Shift Index) (57) and TALOSϩ (58), respectively. ␣-Helical secondary structure elements were implemented in structure calculations using artificial hydrogen bond restraints according to Tugarinov et al. (59) . Similarly, artificial ␤-sheet hydrogen bond restraints based on the holo-ViuP (PDB code 3R5T) structure were employed conservatively in structure calculations. Dihedral (58) and RDC (60, 61) restraints and NOESY distance restraints were used as input for structure calculations. Structures were calculated using torsion anglesimulated annealing in the program Xplor-NIH (62) according to a two-step, low temperature protocol (47, (63) (64) (65) wherein an ensemble of the 30 lowest energy structures is generated and validated using PSVS (Protein Structure Validation Software suite) (66) .
Homology Modeling of FepCD-A homology model for FepCD was constructed by threading its sequence onto the BtuCD structure (PDB code 2QI9) using MODELLER (52) . Two FepD chains were modeled using the BtuC homodimer (34.8% sequence identity) as the template.
Accession Numbers-NMR backbone chemical shift assignments for apo-and holo-FepB have been deposited in the Biological Magnetic Resonance Data Bank (BMRB) under accession code 19143. The atomic coordinates for the 30 lowest energy structure ensembles of apo-and holo-FepB have been deposited in the Protein Data Bank under accession codes 2M6K and 2M6L, respectively.
RESULTS
NMR Characterization-We report here the solution structures of apo-and holo-FepB (34 kDa). These NMR structures represent a significant milestone in PBP studies, as these are the first solution structures of a type III PBP among a myriad of existing crystal structures (12) . The holo-FepB protein was solved in the presence of the diamagnetic siderophore [Ga III (Ent)] 3Ϫ (GaEnt) as a substitute for paramagnetic FeEnt. It is important to note that Ga 3ϩ has the same charge and similar properties as Fe 3ϩ (67) , and it has previously been used as a substitute for FeEnt in NMR studies of the FepA cork domain (68, 69) .
The study of PBPs by NMR poses a significant challenge, as their larger size (ϳ25-70 kDa) (12) requires specialized isotope-labeling schemes and NMR pulse programs to acquire high quality spectra. The combined use of deuteration and TROSY NMR experiments allowed us to determine a nearly complete assignment of the 1 H N , 15 N, 13 C', 13 C ␣ , and 13 C ␤ chemical shifts for apo-(95%) and holo-FepB (96%) (Fig. 2 ). Furthermore, a high percentage of possible methyl group assignments for Leu (82%), Val (91%), and Ile (94%) was determined using our previously reported CHD 2 methyl assignment method (30) . In total, 103 methyl groups could be assigned for holo-FepB compared with 110 for apo-FepB. Overall, the residues that could not be fully assigned or were missing include residues 1-13 (His tag), 46 -47, 57-60, 115-118, 140 -142, and 159 -160. These residues could not be observed in either the apo-or holo-system, suggesting that the absence of signal is not correlated with ligand binding.
The solution structures of apo-and holo-FepB were determined first by analyzing the secondary structure from the backbone chemical shifts. Subsequently the three-dimensional solution structures were determined using a two-stage, low temperature, simulated annealing protocol (63) and a starting homology model based on holo-ViuP (PDB code 3R5T; 35% sequence identity). The 15 N-and 13 C-edited NOESY experiments generated 1097 and 1003 upper distance restraints for apo-and holo-FepB, respectively. Although these restraints were distributed throughout the protein sequence, more NOEs were observed for the C-terminal lobe (residues 184 -315; data not shown). To determine accurate helix and domain orientations, backbone H-N RDC restraints were employed in the Xplor-NIH structure refinement protocol. RDCs were successfully measured for 187 (ϳ64%) and 210 (ϳ72%) residues for apo-and holo-FepB, respectively. The backbone heavy atom r.m.s.d. for the well folded region of FepB (residues 24 -315) from the 30 lowest energy structures was 0.08 Ϯ 0.02 Å (apo) and 0.09 Ϯ 0.05 Å (holo) ( Fig. 3 ). PROCHECK Ramachandran plots revealed that 79.7% (apo) and 82.2% (holo) of the residues were in the most favored regions, whereas 1.9% of holo residues were in the disallowed regions. A summary of the structure calculation statistics can be found in Table 1 .
Changes to secondary structure elements upon ligand binding were evaluated with the neighbor-corrected structural propensity calculator (ncSPC) using backbone chemical shifts as input (70, 71) . The overall topology of apo-and holo-FepB is a mixed ␣/␤ type consisting of 10 ␣-helices and 12 ␤-strands, where each domain has a central 5-stranded ␤-sheet ( Fig. 4 , A-C). This is in good agreement with other type III PBPs, which are composed of two globular domains of mixed ␣/␤ elements (Rossmann fold) and an interdomain ␣-helix. In the structures of apo-and holo-FepB, the ␣-helices are well structured, whereas the ␤-stands are not as well defined, with some represented as extended elements (Fig. 3 ). The loss of representation for ␤-strands and -sheets is due to the use of perdeuteration, which leads to the loss of proximal H ␣ proton NOE information in the ␤-sheets. Pairwise structural alignment of apo-and holo-FepB reveals an r.m.s.d. of 2.96 Å (Fig. 5A ). This large value can in part be attributed to the poor resolution of the ␤-strands of the two main ␤-sheets. A decrease in the binding pocket solvent-accessible surface area (SASA) of 32.85 Å 2 ( Table 2) suggests that FepB experiences structural changes in the presence of ligand, which could also contribute to the high r.m.s.d. The binding of GaEnt does not appear to have a great effect on the contact area (0.44% increase) between the amino (N)-and carboxyl (C)-terminal lobes ( Table 2) or the overall fold of the protein. However, some notable changes are observed in three regions: residues 70 -94, 227-242 (loop), and 294 -302 (loop). Residues 70 -94 comprise a ϳ12 residue loop followed by an ␣-helix that moves significantly upon ligand binding (Fig. 5B ). This movement positions residues 70 -76 between the two lobes and proximal to the putative binding pocket of holo-FepB. Based on ncSPC scores, residues 227-242 and 294 -302 are expected to become more and less extended, respectively, upon ligand binding (Fig. 4D ). Region 227-242 undergoes a significant structural change leading to a ϳ4.6 Å tilting movement of Arg-239 and neighboring residues into the GaEnt binding pocket (Fig. 5C ). Interestingly, in apo-FepB the side chains of Phe-297 and Arg-298 from the 294 -302 loop are located near the mouth of the binding pocket, but in holo-FepB these residues are rotated into the interdomain cleft region (Fig. 5D ). It appears that the movement of this loop contributes to the formation of the GaEnt binding pocket.
Ligand Binding-FepB was shown previously to bind FeEnt with K d ϳ135 nM and K d ϳ30 nM by gel filtration chromatography and fluorescence spectroscopy, respectively (72) . Binding of GaEnt and FeEnt to FepB occurs with similar affinity (K d , GaEnt ϭ 162 Ϯ 4 nM; K d , FeEnt 169 Ϯ 5 nM; Fig. 6A ) as mea- (Table 1) . sured by fluorescence spectroscopy. FepB ligand binding was also assessed using proteinase K digestion assays. In the absence of ligand, FepB is rapidly degraded by proteinase K, but in complex with GaEnt or FeEnt, FepB is protected to similar levels (Fig. 6B ). In addition, 1 H-15 N TROSY HSQC experiments of FepB complexed with FeEnt or GaEnt show similar peak patterns. However, the presence of ferric iron in the FeEnt-FepB sample results in the broadening of backbone amide resonances for residues close to the ligand binding site (data not shown).
Binding of GaEnt to FepB was also examined from observed NMR chemical shift perturbations (CSP, shown in Fig. 7) . From the combined backbone CSP, there are significant changes distributed throughout the protein sequence starting at residue 50.
Mapping of the backbone CSPs onto the holo-FepB structure reveals that the affected regions are the long interdomain ␣-helix and regions proximal to the interdomain cleft ( Fig. 7A) . Moderate methyl CSPs are distributed throughout the C-lobe ␤-sheet, and large methyl CSP values are found for residues leading into (Ala-232) and exiting (Ile-243) the loop region 227-242 ( Fig. 7B) , which also undergoes significant conformational changes upon GaEnt binding.
Methyl Cross-saturation-NMR cross-saturation experiments are an indispensable tool for examining the interface of protein-protein interaction complexes (73) . The CSP is an effective technique for monitoring residues involved in ligand binding (or complex formation). However, the interpretation of OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42
Solution NMR Structures of Apo-and Holo-FepB

JOURNAL OF BIOLOGICAL CHEMISTRY 29225
these values can be difficult when the protein experiences substantial conformational changes upon interaction, leading to large CSP values distributed throughout the protein rather than local effects (74) . Amide or methyl cross-saturation experiments are often performed to closely examine the interface where complex formation occurs and can complement CSP analysis. Methyl cross-saturation methods were performed using specifically labeled Ile(␦1), Leu, and Val methyl groups, which simplifies the NMR spectra and provides better resolution for large proteins, higher sensitivity due to narrow line widths, and improved magnetization transfer efficiency (46) . In addition, methyl groups are excellent reporters of hydrophobic interactions that often make significant thermodynamic contributions to the formation of protein-protein complexes. In this study, we employed the "reverse methyl cross-saturation" technique in which the smaller interacting partner is selectively irradiated and magnetization is transferred to isotopically labeled methyl groups of the larger protein (47, 74, 75) . In our case we made two modifications to the published experiment. First, instead of using a reference spectrum without irradiation (T sat ϭ 0 s) we employed the same T sat ϭ 1.5 s in both the reference and irradiation experiment to ensure the only difference in the experiments was the location of the radiofrequency pulse. Second, we targeted the small, non-ribosomally synthesized ligand, Ent (669 Da), for irradiation and detected its interface with a large protein (FepB, ϳ34 kDa). Enterobactin is composed of three 2,3-catecholate moieties linked to a triserine backbone, and the proton signals of GaEnt have reported chem-ical shifts in the region between ϳ3.7 and 7 ppm (76, 77) . Specifically ILV methyl-protonated and otherwise deuterated holo-FepB was dissolved in ϳ100% D 2 O, and no 1 H signals originating from the protein were observed in the irradiated region (4 -7 ppm). However, because of incomplete H/D exchange, 15 backbone 1 H N signals remained visible near 8 ppm; but these signals did not interfere with the cross-saturation experiment. A control experiment performed with apo-FepB revealed that a background signal loss of ϳ5% can be expected (Fig. 8A) , and residues that experienced signal loss greater than 5% were considered significantly affected. In the holo-FepB experiment, magnetization was expected to transfer from GaEnt by spin diffusion to the selectively protonated methyl groups of FepB involved in ligand binding. Signal loss was below 5% for the majority of the protein residues, indicating that they were not affected by ligand binding (cf. control experiment for apo-FepB). Resonances V51C␥1, V51C␥2, V195C␥1, and I242C␦1, however, experienced a significant reduction in signal intensity of ϳ47, 8, 31, and 32%, respectively (Fig. 8A) . Mapping of the affected residues onto the lowest energy holo-FepB structure revealed that all three residues were found within the cleft region between the N-and C-terminal domains (Fig. 8B) . In agreement with the backbone and methyl CSP results, the regions surrounding Val-51 and Ile-242 experienced significant changes to their chemical environment upon ligand binding. In particular, Val-51/Thr-52 show the largest combined methyl CSP in the N-terminal portion of FepB, and Asp-241/Ile-242 have significant backbone CSP values. FepB Dynamics-Backbone 15 N relaxation measurements to examine fast (ps to ns) time scale backbone dynamics were performed on apo-and holo-FepB ( Fig. 9 ). Overall, apo-FepB appears well ordered (i.e. high NOE and uniform R 1 and R 2 values) with the exception of the highly flexible N-terminal His tag (residues 13-23) and residues within a loop region (residues 225-242). For this loop, residues 228 -230, 233-234, and 236 -240 are significantly more rigid in the holoprotein (Fig. 9C ). Moreover, this increased order affects residues neighboring Ile-242, which was identified by methyl cross-saturation as an interface residue with GaEnt. Additionally, Ala-232, Asp-241, Ile-242, and Ile-243 experienced significant CSPs. Two other regions, residues 77-81 and 293-303, also appear to be more dynamic in apo-FepB than holo-FepB, although there is a higher degree of uncertainty for the apo-FepB { 1 H}-15 N NOE values for these residues. These two regions also undergo conformational changes in the transition from apo-to holo-FepB and appear to have a role in ligand binding.
To examine whether the rotational correlation time ( c ) is changed upon ligand binding, we performed rotational diffusion analysis. It was found that the average times for apo-and holo-FepB were 23.2 Ϯ 2.2 and 19.7 Ϯ 1.7 ns, respectively, which are in accordance with expected values for a globular monomeric protein of ϳ34 kDa. The hydrodynamic radius (r H ) for apo-and holo-FepB was determined from their respective lowest energy ensemble structures using the program HYDROPRO (78) . Similar, to the c results, apo-FepB was found to have a slightly larger r H value (2.10 Ϯ 0.01 nm) compared with holo-FepB (2.08 Ϯ 0.01 nm). The differences in the c and r H values for apo-and holo-FepB are not significant but suggest that holo-FepB is more compact than apo-FepB.
Furthermore, we analyzed whether the individual N-and C-terminal domain lobes of apo-and holo-FepB tumble independently in solution. No significant change in correlation time (data not shown) was observed when the lobes were treated independently, indicating that the lobes move together in solution.
FepCD Homology Modeling-A homology model of the inner membrane ABC transporter FepCD was constructed to compare the periplasmic surface of FepD and BtuC. Arg-60 in both of the FepD homodimer chains is in a homologous position to Arg-56 from both BtuC homodimer chains, shown previously to be important for interactions with BtuF (79) . A comparison of the BtuC loop, which interacts with BtuF, and a similarly positioned FepD surface loop revealed differences in the electrostatic composition (Fig. 10) . In BtuC, the loops are composed of both basic and acidic amino acids, whereas in FepD the purported FepB-interacting loop is primarily acidic (Fig. 10 ).
DISCUSSION
In this study, NMR spin relaxation experiments were used to evaluate changes in FepB dynamics in the presence and absence of ligand. This is particularly relevant for PBPs, as opening and closing motions are important for both ligand binding and release (Fig. 1) . For type I and II PBPs, it has been suggested that the rigidity of the hinge region, which is strongly influenced by the hydrogen bonding network between hinge elements, becomes more ordered upon ligand binding leading to large scale opening-closing motions (80) . In contrast, for type III PBPs, the hydrogen-bonding network afforded by the ϳ20-residue ␣-helix that connects the N-and C-terminal lobes is typically not affected by ligand binding and is thought to sterically limit any large scale opening and closing motions. These movements originate from minor changes (e.g. a slight bend) in the interdomain ␣-helix or at residues entering or exiting this helix (Fig. 11) . Changes to the interdomain ␣-helix were also observed for holo-FepB, which shows a more pronounced bend in the first part of its interdomain ␣-helix compared with the apo form. This results in a minor displacement of the N-lobe toward the C-lobe but does not lead to any significant domainclosing motions. Moreover, submission of the lowest energy apo-and holo-FepB structures to the Dyndom server (81) did not reveal any dynamic hinge-bending domain motions associated with ligand binding.
PBPs also experience changes to the interface between their two lobes upon ligand binding. In types I (e.g. maltodextrin-binding protein) (15) and II (e.g. Ile/Leu/Val-binding protein) (82) the apo forms are characterized by a near absence of interlobe contacts at the binding pocket, whereas the holo forms show an increase in the number of interlobe interactions, which help to stabilize the closed ligand bound state. In contrast, both the apo and holo forms of type III PBPs have extensive interlobe contacts, and ligand binding appears to produce subtle rearrangements to this interface. Structural differences that arise from changes to the intermolecular interactions at this region were evaluated by assessing the interlobe SASA (Table 2) (83) . Small differences in the interlobe contact surface between apo and holo forms of type III PBPs were observed for FepB, SirA, FhuD, BtuF, and HmuT, whereas for ViuP, HtsA, and FeuA the closed holo conformation shows an increase in contact area between the lobes. Changes to the interlobe interface during the transition between apo and holo forms appears to be important in some type III PBPs for accommodating the structural changes associated with ligand binding, and they could have a role in regulating the opening-closing domain motions. Interestingly, apo-BtuF extracted from the complex with its ABC transporter (BtuCD) experiences a decrease in interlobe SASA, indicating that its lobes are spread further apart in complex with the transporter than the isolated apo form.
The binding of GaEnt to FepB reveals a reduction in the binding pocket SASA that is consistent with other related type III PBPs ( Table 2 ). The notable exception is BtuF, which (20) experiences an expansion of its binding pocket upon cyanocobalamin interaction ( Table 2 ). An increase or reduction in binding pocket SASA is related to the size of the ligand, the depth of binding, and structural features of the protein. For example, in type III PBPs that bind small ions (e.g. TroA and Zn 2ϩ (PDB code 1TOA)) the ligand is bound in a completely occluded manner, whereas for PBPs that bind larger siderophores (e.g. FhuD and gallichrome (PDB code 1EFD)) the ligand is usually solvent-exposed (12) .
Determination of the FepB solution structures relied on recent advancements in NMR technology that facilitated our ability to solve protein structures with a molecular mass of Ͼ25 kDa. The introduction of labeled Ile(␦1), Leu, and Val methyl probes into a deuterated FepB background (34) and cost-effective methyl assignment techniques (30) allowed us to acquire the distance information required to converge the global folds of this protein. A hallmark of type III PBPs is their low primary sequence identity and high structural similarity (84) . Submission of apo-and holo-FepB to the DALI server (85) revealed a structural similarity to the type III PBPs ViuP (3.3/3.2 Å r.m.s.d. for apo-/holo-FepB, respectively) and HtsA (3.4/3.3 Å r.m.s.d. for apo-/holo-FepB). In addition, a comparison of secondary structure element positions for the apo and holo forms of ViuP with FepB reveal a match of 85 and 80% (86), respectively, despite the poorly defined ␤-sheets in FepB. The crystal structures for ViuP were only recently reported (54) , and this PBP binds the catecholate-type siderophore ferric vibriobactin (FeVib; [Fe III (Vib)] 2Ϫ ). FeVib has a 2-charge and coordinates iron with five ligands from its catecholate groups, whereas FeEnt has a 3-charge and provides six hard ligands to Fe 3ϩ (87) . Typically, type III PBPs that bind catecholate-type siderophores (CeuE (88), YclQ (89) , and FeuA (12, 21) ) use three basic residues to neutralize the 3-charge of their siderophores. However, ViuP uses only two (Arg-244 and Arg-297) due to the 2-charge of FeVib. A structure-based sequence alignment reveals that FepB R298 aligns with Arg-297 of ViuP and is positioned in the binding cavity, indicating that it has a similar role in Ga/FeEnt coordination (Fig. 12 ). Arg-239 of holo-FepB sits in the binding pocket and is in a position to coordinate Ga/FeEntbinding; however it is not structurally conserved in ViuP. A OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 third basic residue to coordinate Ga/FeEnt in holo-FepB could not be readily identified based on sequence conservation alone, but careful examination of the structure revealed that Arg-75 is a prime candidate because of its position in the binding pocket. Interestingly, Arg-75 is part of a structural insert (residues 72-78) that is absent in ViuP (Fig. 12 ). Although two of three basic coordinating residues differ between FepB and ViuP, there exists significant similarity in their binding pocket com-position. This includes the ViuP-FeVib-contacting residues Tyr-146, His-239 -Phe-242, and Phe-296. In FepB, CSP and ncSPC secondary structure difference data indicate that the homologous regions Tyr-144 -Asp-146, Pro-227-Ile-242, and Thr-294 -Tyr-302 are significantly affected by GaEnt binding. Tyr-144 is notable as it aligns with Tyr-146 of ViuP and other type III PBPs that bind catecholate-type siderophores (e.g. CeuE and YclQ) and also use a Tyr residue to help coordinate ligand binding. Our methyl cross-saturation data also implicate Val-51, Val-195, and Ile-242 in the interaction with GaEnt, and the homologous residues in ViuP (Val-59, Ser-197, and Phe-242, respectively) are involved in FeVib binding. Taken together, our NMR data strongly suggest that FepB possesses a ligand binding pocket similar to that of ViuP, with the primary difference being residues 72-78, which provide a coordinating residue (i.e. Arg-75) for Ga/FeEnt binding.
Solution NMR Structures of Apo-and Holo-FepB
From our NMR relaxation experiments, the flexible loop region 233-242 in apo-FepB becomes more ordered upon ligand binding. This increased rigidity likely originates from direct interactions with GaEnt, as observed with Ile-242 ( Fig. 8 ). This loop would provide a favorable electrostatic and hydrogen-bonding environment for Ga/FeEnt (Gln-234, Gln-236, Lys-238, and Arg-239) and could provide a basic ligand-coordinating residue (i.e. Arg-239). The movement and direct involvement of C-lobe loop residues in ligand binding has been observed previously for the type III substrate-binding proteins HtsA (90) and SirA (91) from Staphylococcus aureus. Interestingly, the location and loop movement of FepB upon ligand binding is similar to residues 228 -258 of HtsA, which moves ϳ12 Å upon substrate binding. B-factor analysis of ViuP suggests that it may also possess a flexible C-lobe loop region (residues 234 -239), which becomes more rigid upon ligand binding but does not change position. In addition to FepB C-lobe loop residues, dynamic changes in regions 77-81 and 293-303 also appear to be important for ligand binding and to facilitate proper coordination of Ga/FeEnt in the binding pocket.
While this manuscript was in preparation, the coordinates for the FepB crystal structure complexed with FeEnt were released from the Protein Data Bank (3TLK). This structure confirms our ligand binding findings and shows that Arg-75, Arg-239, and Arg-298 are the basic trio of residues involved in FeEnt coordination and that the methyl groups of Val-51, Val-195, and Ile-242 contribute to ligand binding. The apo FepB crystal structure remains elusive, which is required for understanding the binding mode and mechanism of FeEnt recognition.
The dynamic mechanism through which FepB is able to bind Ga/FeEnt may also play a role in mediating PBP-transporter interactions. Type III PBPs deliver their ligands to inner membrane ABC transporters in Gram-negative bacteria. This interaction is characterized by salt-bridge contacts formed between conserved acidic residues at the apices of each PBP lobe and basic residues on the periplasmic exposed surface of the transporter (8) . Sequence comparison of FepB with ViuP, FeuA, YclQ, and CeuE reveals the conservation of Glu residues 106 and 248, which are expected to contact the individual FepD homodimer chains of the FepCD complex ( Fig. 10 ). Structural alignment of apo-and holo-FepB indicates that Glu-106 is in a similar position in both proteins, but Glu-248 moves ϳ4 Å upon GaEnt binding. The movement of Glu-248 appears to be related to the ordering of residues within the large loop region (residues 225-242) of FepB, which occurs upon ligand binding and may help to position Glu-248 for contact with FepD. Examination of apo-(PDB code 1N4D) and holo-BtuF (PDB code 1N4A) indicates that residues Glu-72 and Glu-202 are positioned similarly in both forms; however, Glu-202 from BtuF in complex with BtuCD (PDB code 2QI9) moves ϳ7 Å, resulting in the displacement of the C-lobe and release of ligand. Interestingly, homology modeling of FepD reveals the presence of acidic loops that would be in position to interact with the predominantly basic ordered loop and binding pocket of FepB to potentially disrupt FeEnt binding in a similar manner as thought to be the case for cyanocobalamin release and BtuF-BtuCD ( Fig. 10) (79) . This result also points to an important role for protein dynamics in PBP-transporter interactions and suggests a mechanism through which FepD can trigger release of FeEnt from FepB, despite its strong ligand binding affinity.
In this study, the mapping of siderophore binding to FepB by a modified reverse methyl-cross saturation NMR experiment was particularly effective in highlighting residues that make hydrophobic contacts with the ligand; this is an effective technique that can be applied to other studies of PBP-ligand interactions. C-lobe loop dynamics were shown to have a significant role in ligand binding in FepB, which highlights the usefulness of our solution NMR approach to studying PBPs. For regions 227-242, 294 -302, and 77-81 (within the larger region of residues 70 -94) of FepB, the movement of these loops is expected to provide critical contacts with the ligand. Furthermore, our results provide further evidence to suggest that type III PBPs do not undergo large scale Venus flytrap opening-closing motions and instead show that subtle bending of the interdomain ␣helix leads to modest displacement of the N-lobe toward the C-lobe.
The additional flexibility of PBPs as suggested by this study of FepB is likely also important for ligand dissociation. The role of protein dynamics in ligand release from the PBP to its cognate cytoplasmic membrane ABC transporter is currently not well understood. As suggested by the more open BtuF structure in complex with its cytoplasmic membrane ABC transporter, BtuCD, protein dynamics may play an important role in enabling the C-lobe of BtuF to pivot and spread apart leading to release of cyanocobalamin (79) . In the case of FepB-FepCD interactions, the displacement of FeEnt by the proposed highly acidic interacting loops of FepD may involve the highly flexible loop region of FepB. Further elucidation of the dynamic properties of other type III PBPs will improve our understanding of how these proteins are able to tightly (K d ϳnM) bind and release their ligands.
